Optimal design of channel cross-section is an important task in the hydraulic design of open channels. The traditional methods and models which neglect the frost heave are trial procedures and may result in failure of channels in design of irrigation channels. To improve the total cost, reliability and effectiveness, the model which is used in this study, is not only minimizing the cost of land acquisition but also the cost of concrete lining considering cost as the objective function. The constrained optimization model which considers values of thickness of channel concrete slab constraint simultaneously along with the objective of minimization of cost is propounded and solved using a recent global optimization technique, namely cat swarm optimization (CSO). The optimized channel section not only satisfies the optimal hydraulic cross-section but guarantees the safety and stability of the side walls so that both the amount of the concrete lining and the land acquisition are optimized. Finally, we take a main channel of Qinghe Irrigated Area of Farm 853 in Heilongjiang Province as a study area. The results obtained using the CSO approach are satisfaction and the method can be used for reliable design of artificial open channels. Furthermore, we compare the CSO algorithm with a genetic algorithm (GA) and the particle swarm optimization (PSO) to verify the effectiveness of the cat swarm algorithm in the channel section optimization.
INTRODUCTION
Artificial open channels are the major conveyance systems used to deliver water. A trapezoidal section is the most common channel cross-section, which is used to convey water for irrigation districts. Computation of parameters of channel cross-section is an important task in hydraulic design of open channels. These parameters are traditionally obtained by numerical method, trial procedures (time-consuming), graphical method (low accuracy owing to its logscale representation) or explicit equations (Vatankhah ) .
However, from a hydraulic engineering perspective, it would be preferred to have an optimal method with a reasonable mathematical model and high accuracy for designing the channel cross-section. In order to avoid loss of water and damage of frost heave, many water saving techniques and operations have been developed to promote water systems over recent decades. The design of different cross-sections of irrigation channels such as trapezoidal section, rectangular section, and triangular section has been determined by many researchers following explicit equations with lower flow error, but these equations consider only optimal hydraulic condition and neglect the cost effectiveness (Froehlich  ).
An optimization model is developed to minimize the total cost of construction and flooding probability, and the new cross-section is found to be cheaper than the traditional trapezoidal cross-section (Das ) . The optimal design concept is used to determine the parameters of channel cross-section for minimizing cost of fabrication. The model of uniform roughness was established firstly, which is based on minimization of lining cost, but neglect the excavation cost (Sakhuja et al. ) . Channel concrete lining is very expensive and deteriorates with time. Therefore, the values of thickness of the channel lining structure are important for cost of construction in seasonally frozen ground regions (Li et al. ) . However, these studies have not considered any effect of frost heaving damage and side slope stability in the model formulation, which may result in much wider channels with more serious damage in the cold field.
It is also noticed that conventional methods are used to (Chu & Tsai ) . In this paper, genetic algorithm and particle swarm optimization are compared with cat swarm optimization. The results show that this algorithm is able to conduct global search and local search at the same time in the process of evolution. It overcomes the phenomenon of local optimum inclination and possesses a superb rate of convergence. In addition, the tracking mode is similar to that of the particle swarm optimization, which uses the local optim- In this study, a new optimization algorithm, cat swarm optimization is proposed for channel cross-section. CSO is a high performance computational method, inspired from the natural behaviors of cats. It was introduced by Chu and Tsai in 2007. In this study, CSO is used to optimize the parameter of channel cross-section in order to reduce the cost with minimum values of thickness of channel concrete slab. However, this is the first paper in which CSO is introduced for channel cross-section.
The rest of the paper is organized as follows. In the 'Cat swarm optimization' section, the basic concepts of the CSO algorithm along with a flow chart are presented to include seeking mode and tracing mode. The mathematical formulation of optimum cross-section is introduced in the subsequent section.
Next, the simulation result and analysis is presented, and then the following section discusses effectiveness of GA, PSO and the CSO. Finally, the conclusion is made.
STUDY AREA
Qinghe Irrigation Area (Figure 1 is already standing will be one of the candidate points to move to. Seeking mode is described as follows. Step 1: Generate copies of cat k , where j ¼ SMP. If the value of SPC is true, let j ¼ SMP-1 and return the present position as one of the candidates.
Step 2: According to CDC, plus/minus SRD percent's of the current value randomly and replace the old one.
Step 3: Calculate the fitness values (FS) of all candidate points, respectively.
Step 4: If all the fitness values are not exactly equal, calculate the selecting probability P i of each candidate point, shown as follows:
If the goal of the fitness function is to find the minimum
Step 5: Randomly pick the point to move from the candidate points and replace the position of cat k .
Tracing mode
Tracing mode is the sub-model for simulating the situation of the cat in tracing some objectives. When a cat enters into tracing mode, it moves according to its own velocity. The action of tracing mode can be described in three steps as follows.
Step 1: Compute the new velocity using Equation (2) for
where X best,d is the position of the cat, who has the best fitness value; X k,d is the position of cat k , C is a constant and r 1 is a random value in the range of [0,1].
Step 2: Check if the velocities are in the range of maximum velocity. In case the new velocity is over range, make sure it is equal to the limit.
Step 3: Compute the new position of cat k using Equation (3).
Algorithm description CSO includes two sub models, the seeking mode and the tracing mode to solve the optimization problem. A mixture ratio (MR) is used which defines the ratio of number of cats in tracing mode to that of number of cats in seeking mode. The flow chart of the CSO algorithm is shown in Figure 2 .
OPTIMIZATION MODEL Objective function
The trapezoidal section is the most common channel crosssection, which is showed in Figure 3 . The value of flow rate Q is given by Manning's formula, that is (Das )
where Q is the discharge(m (8) along with a constraints Equation (9).
Subject to
where V is the lining volume of channel per m length; C 1 is the concrete cost per unit volume; B the width of free surface; C 2 is the coefficient of construction land; Y is the crop yield per mu; P is the unit price of crop; T is the minimum value of thickness of channel concrete slab; T 1 and T 2
are the values of thickness respecting frost-heaving force and slope stability.
Problem constraints
The 
Effect of frost heaving damage restriction
The mechanics analysis of frost heaving damage is shown in Figure 4 .
The axial pressure of any section should be: The bending moment shall include the eccentric bending moment M 1 and the bending moment M 2 produced by normal frost-heave force.
The maximum bending moment section:
The maximum tensile stress:
Obtain the lining thickness T 1 which is satisfying the anti-freeze requirement by checking calculation of crack
Effect of side slope stability restriction
The side slope stability analysis is shown in Figure 5 . The total active earth pressure should be calculated as Coulomb's theory. The calculation formula is as follows: 
Anti-tipping safety coefficient K ¼ 1.1, M r /M o > 1.1. The minimum value of thickness required for the side wall stability T 2 should be obtained (Wang ) .
It can be seen that the side wall thickness T is relevant to the soil quality, aspect and channel depth. In order to satisfy the anti-freeze requirement and the stability demand, greater values in T 1 and T 2 should be chosen. Under the condition of a certain soil texture, the side wall thickness T is inversely proportional to the side slope m, i.e. in order to meet the needs of stability, the greater m is, the smaller the required side wall thickness T should be. Whereas, the smaller m is, the greater the required side wall thickness T should be. If m is given, the required minimum thickness for the stability of the side wall can be obtained. Otherwise, the maximum m value can be obtained as well.
CASE STUDY
The optimization model is validated by the following data extracted from the first main channel: The channel geometric parameters are listed in Table 1 .
Therefore, b, m, h are determined by the objective function, while we optimize them by using the optimization algorithm. Figure 6 shows that the most striking parameter deciding the optimal overall cost is the wetted perimeter (χ) and width of the channel at the water surface (B), which indicates a decreasing trend with a reduction of optimal value. The sensitivity study shows that a reduction of water depth increases the overall cost. It can be seen that there is much significant difference in optimal costs of the GA, PSO, and CSO methods.
DISCUSSION
The simulation is using MATLAB version 2009a for the design.
To solve the model using the GA, PSO, and CSO methods, the following parameters which are shown in Table 2 involve: population size of 50; max iteration cycles of 100; crossover rate of 0.8; mutation rate of 0.01; selection probability of 1/3; acceleration coefficients c 1 ¼ 2 and c 2 ¼ off between the quality of solution and computational time.
Computational time
MR - 0.3 C - 1
Traversal capacity of the algorithm
The information structure of the intelligent optimization algorithm is corrected dynamically according to the search behavior in practice. The intelligent optimization algorithm needs to keep the diversity of samples. It is even better to reach each solution in the sense of probability. This capacity of the algorithm is called the traversal capacity. The sample diversity can be reflected by the generation of the same sample probability in the intelligent algorithm as in Equation (19).
where d If the whole pattern of evolution changes just too fast, there will be more same samples in the same generation.
Therefore the higher probability of the same samples may result in stopping of algorithms. The sample diversities of each generation of GA, PSO and CSO are shown in Figure 7 .
The horizontal axis is generation. The vertical axis stands for the probability of the same samples. The probability of the same samples of genetic algorithm is 2%. The samples of each generation for the particle swarm algorithm show diversity. After the second generation, w ¼ 0 as shown in Figure 7 (b), which illustrates that no identical samples exist. However, as shown in Figure 7 (c), the probability of the same samples of each generation of the cat swarm algorithm exhibit a multi-peak curve illustrating that the cat swarm algorithm constantly keeps the sample diversity to avoid swamping into the local optimum.
Algorithm offset ability
Obviously, the intelligent optimization algorithm is not a simple random searching algorithm. It furthers the next search specifically, which can accelerate the search process by reducing the search blindness. Thus it is an algorithm with self-adaptability. This stressed searching ability of the intelligent optimization algorithm is called offset ability.
The mean value of samples can be used to represent the offset ability of the intelligent optimization algorithm:
where S is the random variable of the intelligent optimization algorithm, U is the random variable of the feasible solution. This study chooses value 2 as the step size. The mean value of the offset ability of each generation for the genetic algorithm is 1.2; particle swarm algorithm mean value is 0.988, which is smaller than that for the cat swarm algorithm mean value 1.48.
Algorithm convergence ability
The convergence of the particle swarm algorithm and cat swarm algorithm is showed in Figure 8 with the genetic algorithm and particle swarm algorithm respectively. Besides, both the offset ability, the traversal capacity and convergence ability of the cat swarm algorithm are superior to those of the genetic algorithm and particle swarm algorithm except for computational time. Thus in general the CSO is a potential candidate for optimization of channel cross-section.
